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(54) Method for thermal spray coating and rare earth oxide powder used therefor 



(57) The invention discloses an efficient method for 
the formation of a highly corrosion- or etching-resistant 
thermal spray coating layer of a rare earth oxide or rare 
earth-based composite oxide by a process of plasma 
thermal spray method by using a unique thermal spray 
powder consisting of granules of the oxide. The thermal 
spray granules are characterized by a specified average 



particle diameter of 5 to 80 u.m with a specified disper- 
sion index of 0.1 to 0.7 and a specified BET specific sur- 
face area of 1 to 5 m 2 /g as well as a very low content of 
impurity iron not exceeding 5 ppm by weight as oxide. 
The flame spat powder used here is characterized by 
several other granulomere parameters including glob- 
ular particle configuration, particle diameter D 90 , bulk 
density and cumulative pore volume. 
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Description 

BACKGROUND OF THE INVENTION 

5 [0001] The present invention relates to a novel method for thermal spray coating and a rare earth oxide powder used 
therefor or, more particularly, to a method tor thermal spray coating capable of giving a highly heat-resistant, abrasion- 
resistant and corrosion-resistant coating layer on the surface of a variety of substrates and a rare earth oxide powder 
having unique granulometric parameters and suitable for use as a thermal spray coating material. 
[0002] The method of so-called thermal spray coating utilizing a gas flame or plasma flame is a well established 

10 process for the formation of a coating layer having high heat resistance, abrasion resistance and corrosion resistance 
on the surface of a variety of substrate articles such as bodies made from metals, concrete, ceramics and the like, in 
which a powder to form the coating layer is ejected or sprayed as being carried by a flame at the substrate surface so 
that the particles are melted in the flame and deposited onto the substrate surface to form a coating layer solidified by 
subsequent cooling. 

15 [0003] The powder to form the coating layer on the substrate surface by the thermal spray coating method, referred 
to as a thermal spray powder hereinafter, is prepared usually by melting a starting material in an electric furnace and 
solidifying the melt by cooling followed by crushing, pulverization and particle size classification to obtain a powder 
having a controlled particle size distribution suitable for use in the process of thermal spray coating. 
[0004] A typical industrial field in which the method of thermal spray coating is widely employed is the semiconductor 

20 device manufacturing process which in many cases involves a plasma etching or plasma cleaning process by using a 
chlorine- and/or fluorine-containing etching gas utilizing the high reactivity of the plasma atmosphere of the halogen- 
containing gas. Examples of the fluorine- and/or chlorine-containing gases used for plasma generation include SF B , 
CF 4> CHF 3 , CIF 3 , HF, Cl 2 , BCI3 and HCI either singly or as a mixture of two kinds or more. Plasma is generated when 
microwaves or high-frequency waves are introduced into the atmosphere of these halogen-containing gases. It is 

25 therefore important that the surfaces of the apparatus exposed to these halogen-containing gases or plasma thereof 
are highly corrosion-resistant. In the prior art, members or parts of such an apparatus are made from or coated by 
thermal spray coating with various ceramic materials such as silica, alumina, silicon nitride, aluminum nitride and the 
like in consideration of their good corrosion resistance. 

[0005] Usually, the above mentioned ceramic materials are used in the form of a thermal spray powder prepared by 
30 melting, solidification, pulverization and particle size classification of the base ceramic material as a feed to a gas 
thermal spray or plasma thermal spray coating apparatus. It is important here that the particles of the thermal spray 
powder are fully melted within the gas flame or plasma flame in order to ensure high bonding strength of the thermal 
spray coating layer to the substrate surface. 

[0006] It is also important here that the thermal spray powder has good flowability in order not to cause clogging of 
35 the feed tubes for transportation of the powder from a powder reservoir to a thermal spray gun or the spray nozzle 
because smoothness of the powder feeding rate is a very important factor affecting the quality of the coating layer 
formed by the thermal spray coating method in respect of the heat resistance, abrasion resistance and corrosion re- 
sistance. In this regard, the thermal spray powders used in the prior art are generally unsatisfactory because the 
particles have irregular particle configurations resulting in poor flowability with a large angle of repose so that the feed 
40 rate of the powder to the thermal spray gun cannot be increased as desired without causing clogging of the spray 
nozzle so that the coating process cannot be conducted smoothly and continuously greatly affecting the productivity 
of the process and quality of the coating layer. 

[0007] With an object to obtain a thermal spray coating layer having increased denseness and higher hardness, 
furthermore, a method of reduced-pressure plasma thermal spray coating is recently proposed in which the velocity 

45 of thermal spraying can be increased but the plasma flame is necessarily expanded in length and cross section with 
a decreased energy density of the plasma flame so that, unless the thermal spray powder used therein has a decreased 
average particle diameter, full melting of the particles in the flame cannot be accomplished. While a thermal spray 
powder having a very small average particle diameter is prepared, as is mentioned above, by melting the starting 
material, solidification of the melt, pulverization of the solidified material and particle size classification, the last step 

50 of particle size classification by screening can be conducted only difficulties when the average particle diameter of the 
powder is already very small. 

[0008] While in the prior art, many of the parts or members of a semiconductor-processing apparatus are made from 
a glassy material or fused silica glass, these materials have only low corrosion resistance against a plasma atmosphere 
of a halogen-containing gas resulting not only rapid wearing of the apparatus but also a decrease in the quality of the 
55 semiconductor products as a consequence of surface corrosion of the apparatus by the halogen-containing plasma 
atmosphere. 

[0009] Although ceramic materials such as alumina, aluminum nitride and silicon carbide are more resistant than 
the above mentioned glassy materials against corrosion in a plasma atmosphere of a halogen-containing gas, a coating 
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layer of these ceramic materials formed by the method of thermal spray coating is not free from the problem of corrosion 
especially at an elevated temperature so that semiconductor-processing apparatuses made from or coated with these 
ceramic materials have the same disadvantages as mentioned above even if not so serious. 

SUMMARY OF THE INVENTION 

[0010] The present invention accordingly has an object, in order to overcome the above described problems and 
disadvantages in the prior art methods of thermal spray coating, to provide a novel and improved method of thermal 
spray coating which can be conducted at a high productivity of the process by using a thermal spray powder having 
excellent flowability in feeding and good fusibility in the flame and capable of giving a coating layer with high corrosion 
resistance against a halogen-containing gas or a plasma atmosphere of a halogen-containing gas even at an elevated 
temperature. 

[0011] Thus, the present invention provides a method for the formation of a highly corrosion-resistant coating layer 
on the surface of a substrate by thermal spray coating, which comprises the step of: 

spraying particles of a rare earth oxide or a rare earth-based composite oxide, in which the impurity content of an 
iron group element or, in particular, iron does not exceed 5 ppm by weight calculated as oxide : at the substrate 
surface as being carried by a flame or, in particular, plasma flame to deposit a melt of the particles onto the substrate 
surface forming a layer. It is further desirable that the contents of alkali metal elements and alkaline earth metal 
elements as impurities in the rare earth oxide-based thermal spray powder each does not exceed 5 ppm by weight 
calculated as the respective oxides. 

[001 2] In particular, the particles of the rare earth oxide or rare earth-based composite oxide have an average particle 
diameter in the range from 5 to 80 urn with a dispersion index in the range from 0.1 to 0.7 and a specific surface area 
in the range from 1 to 5 m 2 /g. More particularly, the particles are preferably granules of a globular configuration obtained 
by granulation of primary particles of the oxide having an average particle diameter in the range from 0.05 to 10 uxn. 
[0013] It is more desirable that the above described rare earth oxide-based thermal spray powder has the granulo- 
mere characteristics including; 

a globular particle configuration with an aspect ratio of the particles not exceeding 2; 

a particle diameter D 90 at 90% by weight level in the particle diameter distribution not exceeding 60 jim; 

a bulk density not exceeding 1 .6 g/cm 3 ; and 

a cumulative pore volume of at least 0.02 cm 3 /g for the pores having a pore radius not exceeding 1 ujti. 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0014] The thermal spray powder used in the inventive method of thermal spray coating consists of particles of an 
oxide of a rare earth element or a composite oxide of a rare earth element and another element such as aluminum, 
silicon and zirconium. It is essential that the impurity content of iron group elements, i.e. iron, cobalt and nickel, in the 
powder does not exceed 5 ppm by weight calculated as oxide. The particles of the thermal spray powder which are 
preferably granulated particles, should preferably have specified values of several granulometric parameters including 
the average particle diameter, dispersion index for the particle diameter distribution, globular particle configuration 
defined in terms of the aspect ratio of particles, bulk density, pore volume and specific surface area as obtained by 
granulation of primary particles of the oxide having a specified average particle diameter. 

[0015] When a thermal spray powder satisfying the above mentioned various requirements is used in the inventive 
method, the coating layer of the rare earth oxide or rare earth-based composite oxide has very desirable properties of 
high heat resistance, abrasion resistance and corrosion resistance as well as in respect of uniformity of the coating 
layer and adhesion of the coating layer to the substrate surface if not to mention the greatly improved productivity of 
the coating process by virtue of the good flowability of the powder in feeding to the spray gun. When the content of 
iron impurity in the powder is too high, for example, it is a possible case that the iron impurity is locally concentrated 
to form speckles where iron reacts with the rare earth element to cause localized corrosion of the coating layer in an 
atmosphere of a halogen-containing gas or plasma thereof. 

[0016] The above mentioned very low impurity content of the iron group elements can be accomplished by using a 
high-purity starting oxide material and conducting the granulation process of the starting oxide powder in an atmosphere 
of a high-class clean room in order to avoid entering of iron-containing dust into the oxide powder from the ambience. 
[0017] The thermal spray powder used in the inventive method is not limited to an oxide or composite oxide of the 
rare earth element but can be a carbide, boride or nitride of the rare earth element although oxides are preferable in 
respect of the excellent chemical stability in an atmosphere of a halogen-containing gas or plasma thereof. 
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[0018] The rare earth element, of which a powder of oxide or composite oxide is employed as the thermal spray 
powder in the inventive method, includes yttrium and the elements having an atomic number in the range from 57 to 
71 , of which yttrium, europium, gadolinium, terbium, dysprosium, holmium, erbium ! thulium, ytterbium and lutetium are 
preferable and yttrium, gadolinium, dysprosium, erbium and ytterbium are more preferable. These rare earth elements 
can be used either singly or as a combination of two kinds or more. The composite oxide of a rare earth element is 
formed from a rare earth element and a composite-forming element selected from aluminum, silicon and zirconium or, 
preferably, from aluminum and silicon. The chemical form of the composite oxide includes those expressed by the 
formulas RAI0 3> R 4 AI 2 0 9 , R 3 AI 5 0 12 , R 2 Si0 5 , R 2 Si 2 O y , R 2 Zr 2 0 7 and the like, in which R is a rare earth element though 
not particularly limitative thereto. A mixture of a rare earth oxide powder and an oxide powder of aluminum, silicon and/ 
or zirconium can also be used as an equivalent to the composite oxide powder since a composite oxide can be formed 
in the flame from the oxides when melted. 

[001 9] It is important that primary particles of a rare earth oxide or a rare earth-based composite oxide are granulated 
into granules having an average diameter in the range from 5 to 80 jim or, preferably, from 20 to 80 ujti for use as a 
thermal spray powder having good flowability. Oxide granules having an average diameter smaller than 5 u,m are 
disadvantageous due to the difficulties encountered in the process of granulation while, when the average diameter 
of the granules is too large, fusion of the granules in the spraying flame is sometimes incomplete to leave the core 
portion of the granules unmelted resulting in a decrease of the adhesion of the coating layer to the substrate surface 
and decreased utilizabifity of the thermal spray powder. 

[0020] It is also important that the granulated particles of the thermal spray powder have a particle diameter distri- 
bution as narrow as possible because, when the powder having a broad particle diameter distribution is exposed to a 
high temperature flame such as plasma flame, granules having a very small diameter are readily melted eventually to 
be lost by evaporation while granules having a great diameter are melted only incompletely leading to failure of dep- 
osition of the melt on the substrate surface resulting in the loss of the thermal spray powder. A problem in a thermal 
spray powder of a narrow particle size distribution is that the preparation process thereof is complicated not to be 
suitable for mass production of the powder. Thermal spray powders having a broad particle size distribution generally 
have poor flowability to cause clogging of the feed tubes and spray nozzles. In this regard, the thermal spray powder 
should have an appropriate value of dispersion index in the range from 0.1 to 0.7 for the particle diameter distribution. 
The dispersion index mentioned above is a value defined in terms of the equation: 

Dispersion index = (D 90 - D 10 )/(D 90 + D 10 ), 

in which D 90 and D 10 are each such an upper limit particle diameter that 90% by weight or 10% by weight, respectively, 
of the particles constituting the powder have a diameter smaller than D 90 and D 10 , respectively. 
[0021 ] Since the thermal spray powder consists of granules of a relatively large average particle diameter as prepared 
by granulation of fine primary particles, the specific surface area of the granules can be relatively large for the relatively 
large particle diameter so as to ensure good fusing behavior in the thermal spray fusion. In consideration of the balance 
between advantages and disadvantages, the thermal spray powder used in the inventive method should desirably 
have a specific surface area in the range from 1 to 5 m 2 /g as measured by the BET method. When the specific surface 
area of the powder is too small, the efficiency of heat transfer to the granules in thermal spray fusion cannot be high 
enough resulting in occurrence of unevenness in the coating layer. On the other hand, a too large specific surface area 
of the granules means an undue fineness of the primary particles to cause inconvenience in handling of the powder. 
[0022] In consideration of the above mentioned various requirements for the granules, the primary particles, from 
which the granules are prepared by granulation, of the rare earth oxide or rare earth-based composite oxide should 
have an average particle diameter in the range from 0.05 to 10 uxn or, preferably, from 0.5 to 1 0 u.m. 
[0023] In addition to the above described several requirements, It is more desirable that the particles or granules of 
the thermal spray powder in the present invention satisfy various other granulometric characteristics including: 

a globular particle configuration with an aspect ratio of the particles not exceeding 2; 

a particle diameter D 90 at 90% by weight level in the particle diameter distribution not exceeding 60 jim; 

a bulk density not exceeding 1 .6 g/cm 3 ; and 

a cumulative pore volume of at least 0.02 cm 3 /g for the pores having a pore radius not exceeding 1 jim. 

[0024] The above mentioned aspect ratio of the particles, by which the globular configuration of the particles is 
defined, is the ratio of the largest diameter to the smallest diameter of the particles. This value can be determined from 
a scanning electron microscopic photograph of the particles. An aspect ratio of 1 corresponds to a true spherical particle 
configuration and a value thereof larger than 2.0 represents an elongated particle configuration. When the aspect ratio 
of the particles or granules exceeds 2.0, the powder hardly exhibits good flowability. In this regard, the aspect ratio 
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should be as small as possible to be close to 1 . 

[0025] The D 90 value in the particle diameter distribution of the particles or granules should be 60 u,m or smaller or, 
preferably, in the range from 20 to 60 jim or, more preferably, in the range from 25 to 50 um When this value is too 
large, fusion of the particles is sometimes incomplete in thermal spray coating resulting in a rugged surface of the 
5 flame-fusion coating film on the substrate surface. When the thermal spray powder consists of granules prepared by 
using an organic binder, thermal decomposition of the binder resin is eventually incomplete in a large granule leaving 
a carbonaceous decomposition product in the coating film as a contaminant. 

[0026] The bulk density and the cumulative pore volume of the particles or granules are also parameters affecting 
the fusing behavior of the powder in thermal spray coating. In this regard, the bulk density of the particles should be 
10 1 .6 g/cm 3 . or smaller and the cumulative pore volume should be 0.02 cm 3 /g or larger or, preferably, in the range from 
0.03 to 0.40 cm 3 /g. When the bulk density is too large or the cumulative pore volume is too small, thermal spray fusion 
of the granules is sometimes incomplete resulting in degradation of the thermal spray coating films. 
[0027] A typical procedure for granulation of the above described primary particles is as follows. Thus, the powder 
of primary particles is admixed with a solvent such as water and alcohol containing a binder resin to give a slurry which 
'5 is fed to a suitable granulator machine such as rotary granulators, spray granulators, compression granulators and 
fluidization granulators to be converted into globular granules as an agglomerate of the primary particles, which are, 
after drying, subjected to calcination in atmospheric air for 1 to 10 hours at a temperature in the range from 1200 to 
1800 °C or, preferably, from 1500 to 1700 °C to give a thermal spray powder consisting of globular granules having 
an average diameter of 5 to 80 jam. 
20 [0028] When granules of a rare earth-based composite oxide are desired as the thermal spray powder, it is of course 
a possible way that primary particles of the rare earth-based composite oxide are subjected to the above described 
procedure of granulation. Alternatively, it is also possible to employ, instead of the primary particles of the composite 
oxide, a mixture of primary particles of a rare earth oxide and a composite-forming oxide such as alumina, silica and 
zirconia in a stoichiometric proportion corresponding to the chemical composition of the composite oxide. When gran- 
ts ules of a rare earth aluminum garnet of the formula R 3 AI 5 0 12 are desired, for example, primary particles of the rare 
earth aluminum garnet can be replaced with a mixture of the rare earth oxide R 2 0 3 particles and alumina Al 2 0 3 particles 
in a molar ratio of 3:5. 

[0029] Examples of the binder resin used in the granulation of the primary oxide particles into granules include pol- 
yvinyl alcohol, cellulose derivatives, e.g., carboxymethyl cellulose, hydroxypropylcellulose and methylcellulose, poly- 
30 vinyl pyrrolidone, polyethyleneglycol, polytetrafluoroethylene resins, phenol resins and epoxy resins, though not par- 
ticularly limitative thereto. The amount of the binder resin used for granulation is in the range from 0.1 to 5% by weight 
based on the amount of the primary oxide particles. 

[0030] The process of thermal spray coating by using the above described oxide granules is conducted preferably 
by way of plasma thermal spraying or reduced-pressure plasma thermal spraying by using a gas of argon or nitrogen 
35 or a gaseous mixture of nitrogen and hydrogen, argon and hydrogen, argon and helium or argon and nitrogen, though 
not particularly limitative thereto. 

[0031] The method of thermal spray coating according to the invention is applicable to a variety of substrates of any 
materials without particular limitations. Examples of applicable materials of substrates include metals and alloys such 
as aluminum, nickel, chromium, zinc and zirconium as well as alloys of these metals, ceramic materials such as alumina, 
40 zirconia, aluminum nitride, silicon nitride and silicon carbide, and fused silica glass. The thickness of the coating layer 
formed by the thermal spray coating method is usually in the range from 50 to 500 jim depending on the intended 
application of the coated articles. Members and parts of a semiconductor processing apparatus exhibiting high per- 
formance can be obtained by coating according to the inventive method. 

[0032] Since the thermal spray powder used in the inventive method consists of globular granules of fine primary 
45 particles of the oxide, the powder can be smoothly sprayed into the flame without clogging of the spray nozzles and 
the granules can be melted in the plasma flame with high efficiency of heat transfer so that the coating layer formed 
by the method has a very uniform and dense structure. The impurity limitation of the thermal spray powder that the 
content of the iron group elements does not exceed 5 ppm by weight as oxides is particularly important for obtaining 
a coating layer free from localized corrosion even against the plasma of a halogen-containing etching gas sometimes 
so encountered in a semiconductor processing apparatus. The thermal spray coated layer according to the present in- 
vention can be imparted with still improved quality when the thermal spray powder contains alkali metal elements and 
alkaline earth metal elements as impurities each group in an amount not exceeding 5 ppm by weight calculated as 
oxides. 

[0033] In the following, the method of the present invention for thermal spray coating is described in more detail by 
55 way of Examples and Comparative Examples, which, however, never limit the scope of the invention in any way. In 
the Examples below ; the values of particle size distribution D 10 , D 50 and D 90 were determined by using an instrument 
Microtrac Particle Size Analyzer Model 9220 FRA. 
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Example 1 . 

[0034] An aqueous slurry of yttrium oxide particles was prepared by dispersing, in 1 5 liters of water containing 1 5 g 
of a polyvinyl alcohol dissolved therein, 5 kg of yttrium oxide particles having an average particle diameter of 1 .1 u,m 
5 and containing iron impurity in an amount not exceeding 0.5 ppm by weight calculated as Fe 2 0 3 . This slurry was 
subjected to granulation by spraying into and drying in a spray granulator equipped with a two-fluid nozzle into globular 
granules which were calcined in atmospheric air for 2 hours at 1700 °C to give a thermal spray powder of globular 
granules of yttrium oxide. 

[0035] The thus obtained granules of yttrium oxide had an average particle diameter of 38 |im as measured by a 
10 laser-diffraction granulometric instrument and the dispersion index of the particle diameter distribution was 0.57 as 
calculated from the granulometric data. The granules had a specific surface area of 1.5 m 2 /g as determined by the 
BET method. A small portion of the granules was dissolved in an acid and the acid solution was analyzed for the content 
of Fe 2 0 3 impurity by the ICP spectro photo metric method to find that the Fe 2 0 3 content in the granules was 1 ppm by 
weight. 

15 [0036] A coating layer of yttrium oxide having a thickness of 21 0 jim was formed on an aluminum alloy plate as the 
substrate using the above prepared yttrium oxide granules as the thermal spray powder in a reduced-pressure plasma 
thermal spray method with a gaseous mixture of argon and hydrogen as the plasma gas. No troubles were encountered 
during the coating process due to clogging of the spray nozzle and the utilizability of the thermal spray powder was as 
high as 40%. 

20 [0037] The yttrium oxide-coated aluminum alloy plate was subjected to an evaluation test for the corrosion resistance 
by exposure for 16 hours to a carbon tetrafluoride plasma in a reactive ion-etching instrument to find that the etching 
rate was 2 nm/minute as determined by measuring the level difference on a laser microscope between the area exposed 
to the plasma atmosphere and the area protected against the attack of the plasma atmosphere by attaching a polyimide 
tape for masking. The above given experimental data are summarized in Table 1 below. 

25 

Example 2. 

[0038] An aqueous slurry of ytterbium oxide particles was prepared by dispersing, in 15 liters of water containing 15 
g of a carboxymethyl cellulose dissolved therein, 5 kg of yttrium oxide particles having an average particle diameter 
30 of 1 .2 ji m and containing iron impurity in an amount not exceeding 0.5 ppm by weight calculated as Fe 2 0 3 . This slurry 
was subjected to granulation by spraying into and drying in a spray granulator equipped with a two-fluid nozzle into 
globular granules which were calcined in atmospheric air for 2 hours at 1500 °C to give a thermal spray powder of 
globular granules of ytterbium oxide. 

[0039] A coating layer of ytterbium oxide having a thickness of 230 urn was formed on an aluminum alloy substrate 
35 in the same manner as in Example 1 . No troubles due to clogging of the spray nozzle were encountered during the 
coating procedure and the utilizability of the thermal spray powder was 45%. The etching rate of the ytterbium oxide 
coating layer determined in the same manner as in Example 1 was 2 nm/minute. These experimental data are sum- 
marized in Table 1 below. 

40 Example 3. 

[0040] The procedure for the preparation of granules of ytterbium oxide was substantially the same as in Example 
2 described above excepting forthe use of a rotary disk spray granulator instead of the two-fluid nozzlespray granulator. 
The granules had an average particle diameter of 65 jim with a dispersion index of 0.62 and a BET specific surface 

45 area of 1 .1 rn 2 /g. The content of iron impurity in the granules was 3 ppm by weight as Fe 2 0 3 by the ICP spectropho- 
tometry analysis. A thermal spray coating layer of ytterbium oxide having a thickness of 200 jim was formed on an 
aluminum alloy substrate by using the granules in substantially the same manner as in Example 2 without any troubles 
due to clogging of the spray nozzles. The utilizability of the granules was 41 %. The corrosion resistance of the coating 
layer was evaluated by determining the etching rate in the same manner as in Example 1 to find a value of 2 nm/minute. 

50 These experimental data are summarized in Table 1 . 

Example 4. 

[0041] An aqueous slurry of dysprosium oxide particles was prepared by dispersing 5 kg of dysprosium oxide particles 
55 having an average particle diameter of 1 .3 ujti, of which the content of iron impurity did not exceed 0.5 ppm by weight 
as Fe 2 0 3 , in 15 liters of water containing 15 g of a polyvinyl alcohol dissolved therein and the aqueous slurry was 
spray-dried in a rotary disk spray granulator into globular granules which were subjected to a calcination treatment in 
air for 2 hours at 1400 °C to give dysprosium oxide granules as a thermal spray powder of dysprosium oxide. 
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[0042] The granules had an average particle diameter of 25 \im with a dispersion index of 0.68 and a BET specific 
surface area of 2.0 m 2 /g. The content of iron impurity in the granules was 2 ppm by weight as Fe 2 0 3 by the ICP 
spectrophotometry analysis. A thermal spray coating layer of dysprosium oxide having a thickness of 230 jim was 
formed on an aluminum alloy substrate by using the granules in substantially the same manner as in Example 2 without 
5 any troubles due to clogging of the spray nozzles. The utilizability of the granules was 52%. The corrosion resistance 
of the coating layer was evaluated by determining the etching rate in the same manner as in Example 1 to find a value 
of 3 nm/minute. These experimental data are summarized in Table 1. 

Example 5. 

w 

[0043] An aqueous slurry of yttrium aluminum garnet (YAG) particles was prepared by dispersing 5 kg of YAG particles 
having an average particle diameter of 1 .3 u,m, of which the content of iron impurity did not exceed 0.5 ppm by weight 
as Fe 2 0 3 , in 15 liters of water containing 15 g of a polyvinyl alcohol dissolved therein. After passing a magnetic iron 
remover to decrease the iron impurity, the slurry was spray-dried in a two-fluid nozzle spray granulator into globular 
'5 granules wh ich were subjected to a calcination treatment in air for 2 hours at 1 700 °C to give YAG granules as a thermal 
spray powder. 

[0044] The granules had an average particle diameter of 32 jam as determined with a laser diffraction granufometric 
instrument with a dispersion index of 0.52 and a BET specific surface area of 2.1 m 2 /g. The content of iron impurity in 
the granules was 1 ppm by weight as Fe 2 0 3 by the ICP spectrophotometry analysis. A thermal spray coating layer of 
20 YAG having a thickness of 210 um was formed on an aluminum alloy substrate by using the granules in substantially 
the same manner as in Example 2 without any troubles due to clogging of the spray nozzles. The utilizability of the 
granules was 52%. The corrosion resistance of the coating layer was evaluated by determining the etching rate in the 
same manner as in Example 1 to find a value of 2 nm/minute. These experimental data are summarized in Table 1 . 

25 Example 6. 

[0045] The procedure for the preparation of a thermal spray powder of ytterbium silicate Yb 2 SiO s in the form of 
globular granules was substantially the same as in Example 5 excepting for the replacement of the YAG particles with 
the same amount of ytterbium silicate particles having an average particle diameter of 1 .5 urn, of which the content of 

30 iron impurity did not exceed 0.5 ppm by weight as Fe^C^. 

[0046] The granules had an average particle diameter of 40 jim as determined with a laser diffraction granuiometric 
instrument with a dispersion index of 0.60 and a BET specific surface area of 1 .3 m 2 /g. The content of iron impurity in 
the granules was 3 ppm by weight as Fe 2 0 3 by the ICP spectrophotometry analysis. A thermal spray coating layer of 
ytterbium silicate having a thickness of 210 u,m was formed on an aluminum alloy substrate by using the granules in 

35 substantially the same manner as in Example 2 without any troubles due to clogging of the spray nozzles. The utilizability 
of the granules was 60%. The corrosion resistance of the coating layer was evaluated by determining the etching rate 
in the same manner as in Example 1 to find a value of 2 nm/minute. These experimental data are summarized in Table 1 . 

Comparative Example 1 . 

40 

[0047] The procedure for the preparation of yttrium oxide granules as a thermal spray powder was substantially the 
same as in Example 1 except that the starting yttrium oxide particles had an average particle diameter of 0.9 u,m and 
the content of iron impurity therein was 10 ppm by weight as Fe 2 Q 3 . 

[0048] The granules had an average particle diameter of 45 jim with a dispersion index of 0.60 and a BET specific 
45 surface area of 2.0 m 2 /g. The content of Iron impurity in the granules was 12 ppm by weight as Fe 2 0 3 . A thermal spray 
coating layer of yttrium oxide having a thickness of 210 jim was formed on an aluminum alloy substrate by using the 
granules in substantially the same manner as in Example 1 without any troubles due to clogging of the nozzles. The 
utilizability of the granules was 35%. The corrosion resistance of the coating layer was evaluated by determining the 
etching rate in the same manner as in Example 1 to find a value of 320 nm/minute. These experimental data are 
so summarized in Table 1 . The above mentioned high value of the etching rate was presumably due to the fact that the 
coating layer had brown speckles indicating localized concentration of the iron impurity and measurement of the etching 
rate was conducted on the speckled areas. 

Comparative Example 2. 

55 

[0049] A thermal spray powder of yttrium oxide particles was prepared by crushing and pulverizing a solidified melt 
of yttrium oxide particles having an average particle diameter of 4 um followed by particle size classification. The thus 
prepared yttrium oxide particles had an average particle diameter of 36 jam with a dispersion index of 0.61 . The content 
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of iron impurity therein was 55 ppm by weight as Fe 2 0 3 . 

[0050] A thermal spray coating layer of yttrium oxide having a thickness of 1 90 u.m was formed on an aluminum alloy 
substrate by using the particles in substantially the same manner as in Example 1 without any troubles due to clogging 
of the spray nozzles. The utilizability of the powder was 11%. The corrosion resistance of the coating layer was evaluated 
by determining the etching rate in the same manner as in Example 1 to find a value of 430 nm/minute. These experi- 
mental data are summarized in Table 1 . The above mentioned high value of the etching rate was presumably due to 
the fact that the coating layer had brown speckles indicating localized concentration of the iron impurity and measure- 
ment of the etching rate was conducted on the speckled areas. 

Comparative Examples 3 to 6. 

[0051] The procedure for the preparation of a thermal spray powder in the form of granules in each of these Com- 
parative Examples was substantially the same as in Example 1 excepting for the replacement of the yttrium oxide 
particles with particles of alumina, silica, silicon carbide and silicon nitride in Comparative Examples 3, 4, 5 and 6, 
respectively. Table 1 below shows the average particle diameter and dispersion index thereof and BET specific surface 
area for each of the thermal spray powders. A thermal spray coating layer was formed in the same manner as in 
Example 1 by using the thermal spray powders without any troubles due to clogging of the spray nozzles. Table 1 also 
shows the utilizability of the thermal spray powder in the thermal spray coating procedure and the etching rate of the 
coating layer measured in the same manner as in Example 1 in each of these Comparative Examples. 



Table 1 





Coating 


Average 
particle 
diameter, 
jj m 


Disper- 
sion 
index 


Specific 
surface 
area, 

m 2 /g 


Fe 2 0 3r 
ppm 


Utiliz- 
ability, 

% 


Etching 
rate, 
nm/minute 


Example 


1 


Y 2 0 3 


38 


0.57 


1.5 


1 


40 


2 


2 


Yb 2 0 3 


46 


0.70 


1.8 


1 


45 


2 


3 


Yb 2 0 3 


65 


0.62 


1.1 


3 


41 


2 


4 


Dy 2 0 3 


25 


0.68 


2.0 


2 


52 


3 


5 


Y3AJ 5 0 12 


32 


0.57 


2.1 


1 


52 


2 


6 


Yb 2 SiO s 


40 


0.60 


1.3 


3 


60 


2 


Comparative Example 


1 


Y 2 0 3 


45 


0.60 


2.0 


12 


35 


320 


2 


Y 2 0 3 


36 


0.61 


0.1 


55 


11 


430 


3 


Al 2 0 3 


60 


0.47 


1.6 




35 


20 


4 


Si0 2 


43 


0.49 


2.5 




32 


88 


5 


SiC 


72 


0.50 


3.5 




42 


143 


6 


Si 3 N 4 


51 


0.60 


1.8 




29 


76 
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Example 7. 

[0052] An aqueous slurry of yttrium oxide particles was prepared by dispersing 4 kg of yttrium oxide particles having 
an average particle diameter of 1 .1 jim and containing 0.5 pp, or less of iron impurity as Fe 2 0 3 in an aqueous solution 

5 of 15 g of polyvinyl alcohol dissolved in 16 liters of pure water under agitation. The aqueous slurry was subjected to 
granulation of yttrium oxide particles in a spray granulator into granules of a globular particle configuration which were 
calcined in air at 1 600 °C for 2 hours to give globular granules usable as a thermal spray powder. 
[0053] The thus obtained thermal spray powder was subjected to the measurement of the D 90 value by using a laser- 
diffraction particle size tester to find a value of 38 urn The powder had a bulk density of 1 .16 g/cm 3 , BET specific 

10 surface area of 1.2 m 2 /g, cumulative pore volume of 0.19 cm 3 /g for the pores having a pore radius not exceeding 1 
u.m and aspect ratio of granules of 1.10. 

[0054] Impurities in the powder were determined by the ICP spectrophotometric analysis for iron and calcium and 
by atomic absorption spectrophotometric analysis for sodium to find 3 ppm of Fe 2 0 3 , 3 ppm of CaO and 4 ppm of Na 2 0. 
[0055] A thermal spray coating layer having a thickness of 1 60 jim was formed on a plate of an aluminum alloy with 
f5 this thermal spray powder by the method of reduced-pressure plasma spray fusion using a gaseous mixture of argon 
and hydrogen. Clogging of the thermal spray nozzle did not occur during the coating process with 44% utilization of 
the thermal spray powder. The thus obtained thermal spray coating layer was subjected to the measurement of surface 
roughness R max according to the method specified in JIS B0601 to find a value of 35 u. m. 

20 Example 8. 

[0056] An aqueous slurry of ytterbium oxide particles was prepared by dispersing 4 kg of ytterbium oxide particles 
having an average particle diameter of 1 .2 u,m and containing 0.5 pp, or less of iron impurity as Fe 2 0 3 in an aqueous 
solution of 1 5 g of hydroxypropylcellulose dissolved in 1 6 liters of pure water under agitation. The aqueous slurry was 

25 subjected to granulation of ytterbium oxide particles in a spray granulator into granules of a globular particle configu- 
ration which were calcined in air at 1500 °C for 2 hours to give globular granules usable as a thermal spray powder. 
[0057] The thus obtained thermal spray powder was subjected to the measurement of the D 90 value to find a value 
of 46 urn. The powder had a bulk density of 1 .3 g/cm 3 , BET specific surface area of 1 .8 m 2 /g, cumulative pore volume 
of 0.23 cm 3 /g for the pores having a pore radius not exceeding 1 urn and aspect ratio of granules of 1 .07. 

30 [0058] Impurities in the powder were determined by the ICP spectrophotometric analysis for iron and calcium and 
by atomic absorption spectrophotometric analysis for sodium to find 1 ppm of Fe 2 0 3 , 3 ppm of CaO and 4 ppm of Na 2 0. 
[0059] A thermal spray coating layer having a thickness of 200 u,m was formed on a plate of an aluminum alloy with 
this thermal spray powder by the method of reduced-pressure plasma spray fusion using a gaseous mixture of argon 
and hydrogen. Clogging of the thermal spray nozzle did not occur during the coating process with 45% utilization of 

35 the thermal spray powder. The thus obtained thermal spray coating layer was subjected to the measurement of surface 
roughness R max to find a value of 41 u,m. 

Example 9. 

40 [0060] An aqueous slurry of yttrium oxide particles was prepared by dispersing 2 kg of yttrium oxide particles having 
an average particle diameter of 0.9 jim and containing 0.5 pp, or less of iron impurity as Fe 2 O a in an aqueous solution 
of 1 5 g of carboxymethylcellulose dissolved in 1 8 liters of pure water under agitation. The aqueous slurry was subjected 
to granulation of ytterbium oxide particles in a spray granulator into granules of a globular particle configuration which 
were calcined in air at 1650 °C for 2 hours to give globular granules usable as a thermal spray powder. 

45 [0061] The thus obtained thermal spray powder was subjected to the measurement of the D 90 value to find a value 
of 28 um. The powder had a bulk density of 1.1 g/cm 3 , BET specific surface area of 1.2 m 2 /g, cumulative pore volume 
of 0.09 cm 3 /g for the pores having a pore radius not exceeding 1 urn and aspect ratio of granules of 1 .03. 
[0062] Impurities in the powder were determined by the ICP spectrophotometric analysis for iron and calcium and 
by atomic absorption spectrophotometric analysis for sodium to find 3 ppm of Fe 2 0 3 , 3 ppm of CaO and 4 ppm of Na 2 0. 

so [0063] A thermal spray coating layer having a thickness of 200 jim was formed on a plate of an aluminum alloy with 
this thermal spray powder by the method of reduced-pressure plasma spray fusion using a gaseous mixture of argon 
and hydrogen. Clogging of the thermal spray nozzle did not occur during the coating process with 45% utilization of 
the thermal spray powder. The thus obtained thermal spray coating layer was subjected to the measurement of surface 
roughness R max to find a value of 26 p.m. 

55 ( 
Comparative Example 7. 

[0064] An aqueous slurry of yttrium oxide particles was prepared by dispersing 10 kg of yttrium oxide particles having 
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an average particle diameter of 1 .1 \im and containing 0.5 pp, or less of iron impurity as Fe 2 O a in an aqueous solution 
of 15 g of polyvinyl alcohol dissolved in 10 liters of pure water under agitation. The aqueous slurry was subjected to 
granulation of ytterbium oxide particles in a spray granulator into granules of a globular particle configuration which 
were calcined in air at 1600 °C for 2 hours to give globular granules usable as a thermal spray powder. 

5 [0065] The thus obtained thermal spray powder was subjected to the measurement of the D 90 value to find a value 
of 94 [im. The powder had a bulk density of 1 .1 g/cm 3 , BET specific surface area of 1 .4 m 2 /g, cumulative pore volume 
of 0.21 cm 3 /g for the pores having a pore radius not exceeding 1 jim and aspect ratio of granules of 1 .02. 
[0066] Impurities in the powder were determined by the ICP spectrophotometric analysis for iron and calcium and 
by atomic absorption spectrophotometric analysis for sodium to find 3 ppm of Fe 2 0 3 , 2 ppm of CaO and 5 ppm of Na 2 0. 

io [0067] A thermal spray coating layer having a thickness of 205 jim was formed on a plate of an aluminum alloy with 
this thermal spray powder by the method of reduced-pressure plasma spray fusion using a gaseous mixture of argon 
and hydrogen. Clogging of the thermal spray nozzle did not occur during the coating process with 48% utilization of 
the thermal spray powder. The thus obtained thermal spray coating layer was subjected to the measurement of surface 
roughness R max to find a value of 88 jim. 

15 

Comparative Example 8. 

[0068] A powder of yttrium oxide for use as a thermal spray powder was prepared by crushing and pulverizing a 
block of yttrium oxide obtained by melting a yttrium oxide powder and solidifying the melt followed by particle size 
20 classification. 

[0069] The thus obtained thermal spray powder was subjected to the measurement of the D 90 value to find a value 
of 74 urn. The powder had a bulk density of 2.1 g/cm 3 , BET specific surface area of 0.1 m 2 /g, cumulative pore volume 
of 0.0055 cm 3 /g for the pores having a pore radius not exceeding 1 jam and aspect ratio of particles of 3.5. 
[0070] Impurities in the powder were determined by the ICP spectrophotometric analysis for iron and calcium and 
25 by atomic absorption spectrophotometric analysis for sodium to find 55 ppm of Fe 2 0 3 , 40 ppm of CaO and 10 ppm of 
Na 2 0. 

[0071] A thermal spray coating layer having a thickness of 1 90 jim was formed on a plate of an aluminum alloy with 
this thermal spray powder by the method of reduced-pressure plasma spray fusion using a gaseous mixture of argon 
and hydrogen. The thus obtained thermal spray coating layer was subjected to the measurement of surface roughness 

30 Rmax to find a value of 69 urn 

[0072] To summarize ! the thermal spray powders prepared in Examples 7 to 9 each have a D 90 value not exceeding 
60 uxn, bulk density not exceeding 1 .6 g/cm 3 , cumulative pore volume of at least 0.02 cm 3 /g and aspect ratio not 
exceeding 2 so that the powder exhibits excellent flowability in thermal spray coating without causing a trouble due to 
clogging of the thermal spray nozzles and fusion of the granules in the plasma flame is so complete that the thermal 

35 spray coating layer is ensured to have good smoothness of the surface. In addition, the outstandingly low content of 
impurities is a factor advantageously influencing the corrosion resistance of the coating layer which is imparted with 
high corrosion resistance against plasma etching with reduced occurrence of particulate matters. The very high purity 
of the thermal spray coating layer is very desirable when the coated article is a part or member of an instrument or 
machine for processing of semiconductor devices or liquid crystal display devices. 

40 [0073] In contrast thereto, the thermal spray powder prepared in Comparative Example 7 has a large D 90 value of 
94 u,m resulting in a large surface roughness value of the thermal spray coating layer which necessarily leads to 
occurrence of a particulate matter in the process of plasma etching on the surface having a so large surface roughness 
value. This problem is still more serious with the powder prepared in Comparative Example 8 so that the thermal spray 
coating layer formed therewith and having a large surface roughness value exhibits speckles which eventually lead to 

45 localized corrosion of the coating layer in the process of plasma etching. 

[0074] Furthermore, the impurity level in the thermal spray coating layers prepared in Examples 7 to 9 is so low that 
the coated articles are suitable for use as a member or part of the apparatus for processing of electronic devices not 
to cause contamination of the materials under processing. The coated articles have very small surface roughness and 
are highly corrosion resistant against halogen-containing etching gaseous atmosphere to be useful in the process of 

50 plasma etching since a large value of the surface roughness is a factor to cause occurrence of particulate matter in 
plasma etching resulting in contamination of the materials under processing. 



Claims 

55 

1. A thermal spray coating layer of a rare earth compound or a rare earth-based composite formed on a substrate 
surface by a thermal spray coating method which comprises the step of: 
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spraying particles of the rare earth compound or rare earth-based composite at the substrate surface as being 
carried by a flame, the particles having an average particle diameter in the range from 5 to 80 u,m with a 
dispersion index in the range from 0.1 to 0.7 and a specific surface area in the range from 1 to 5 m 2 /g and the 
content of iron as an impurity in the particles not exceeding 5 ppm by weight calculated as iron oxide. 

. The thermal spray coating layer of a rare earth compound or a rare earth-based composite on a substrate surface 
as claimed in claim 1 in which the particles of the rare earth compound or rare earth-based composite are granules 
of primary particles of the rare earth compound or rare earth-based composite having an average particle diameter 
in the range from 0.05 to 1 0 urn. 

3. The thermal spray coating layer of a rare earth compound or a rare earth-based composite on a substrate surface 
as claimed in claim 1 in which the flame is a plasma flame. 

4. The thermal spray coating layer of a rare earth compound or a rare earth-based composite on a substrate surface 
is as claimed in claim 2 in which the granules of the rare earth compound or rare earth-based composite have an 

average particle diameter in the range from 20 to 80 jim. 

5. The thermal spray coating layer of a rare earth compound or a rare earth-based composite on a substrate surface 
as claimed in claim 2 in which the granules of the rare earth oxide or rare earth-based composite oxide are prepared 

20 by granulating the primary particles of the rare earth compound or rare earth-based composite in an aqueous slurry 

containing a binder resin into a granular form and calcining the granulated primary particles at a temperature in 
the range from 1200 to 1800 °C for 1 to 10 hours. 

6. The thermal spray coating layer of a rare earth compound or a rare earth-based composite on a substrate surface 
25 as claimed in claim 5 in which the amount of the binder resin is in the range from 0.1 to 5% by weight based on 

the amount of the primary particles of the rare earth compound or rare earth-based composite. 

7. The thermal spray coating layer of a rare earth compound or a rare earth-based composite on a substrate surface 
as claimed in claim 1 which has a thickness in the range from 50 to 500 urn. 

30 

8. A powder of a rare earth compound or a rare earth-based composite for thermal spray coating consisting of particles 
having: 

a globular particle configuration with an aspect ratio not exceeding 2; 
35 a particle diameter value D 90 not exceeding 60 u,m for the 90% by weight level in the particle size distribution; 

a bulk density not exceeding 1 .6 g/cm 3 ; and 
a cumulative pore volume of at least 0.0 

2 cm 3 /g for the pores having a pore radius not exceeding 1 um. 

^o 9. A powder of a rare earth compound or a rare earth-based composite for thermal spray coating in which the content 
of iron group elements, the content of alkali metal elements and the content of alkaline earth metal elements each 
do not exceed 5 ppm by weight. 

10. The powder of a rare earth compound or a rare earth-based composite for thermal spray coating as claimed in 
<*s claim 8 in which the rare earth compound and the rare earth-based composite are a rare earth oxide and a rare 

earth-based composite oxide, respectively. 

11. The powder of a rare earth compound or a rare earth-based composite for thermal spray coating as claimed in 
claim 9 in which the rare earth compound and the rare earth-based composite are a rare earth oxide and a rare 

50 earth-based composite oxide, respectively. 
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